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microwave method are discussed; in putlcuhr plots

INTRODUCTION

mHE free transmission of a microwave signal
through a gas discharge provides a very useful

q;»ol for the study of electron loss processes. Many

NO_OTS™

pplications have been reported in connection with
asma research mainly used to calculate the electron
" d¢nsity.’-® Because of the complexity of the possible
processes involved in a time-varying plasma, however,
-one commonly resorts to approximations and simplifica-
tions, which are not easy to justify. Since, in addition,
the plasma is in many cases located in the near-field
zone of the transmitting and receiving horns (an area
‘whgre the field pattern is complex) it is not immediately
dpparent that a reascnable interpretation of the meas-
urements is. possible.

This paper reports an attempt to improve the
interpretation of free-space microwave measurements.
We first explored how the electron decay mechanisms
(ambipolar diffusion, volume recombination, and
attachment) are connected with the quantity measured,
namely, the integral index of refraction (optical path)
and its change with time. We then applied the theory
to measurements made on a pulsed high current He
discharge. We found that either ambipolar diffusion or
attachment, or both, provide a good explanation for
the measured electron decay. Additional experiments
with a magnetic field may allow the separation of
ambipolar diffusion from attachment. We finally
discuss the validity of an important assumption,
namely, the plane wave condition, which is necessary
for a detailed interpretation of the measurement.

EXPERIMENTAL PROCEDURE
The Discharge System
The discharge circuit is composed of a plasma
container 90 cm high and 7.1 cm in inner radius (con-
sisting of a Pyrex glass tube with stainless steel elec-

trodes), a coaxial airgap switch with a trigger electrode,
a 15. 000-] condenser bank, a power supply, and the

IR.F. Whltmer, Phys. Rev. 104, 572 (1935).

'C. B. Wharton, IV International Conference on Iomisalion
Phenomena in Gases (North Holland Publishing Company,
Amoterdam 1960), 111 C737.

B. Wharton andD M. Slager, J. Appl Phys, 31, 428 (1960).

‘C B Wharton, Riso Report No. “18.

§ V.E. Golant, J. Tech, Phyl (USSR)!O 1265 (1960) [transla-
tion: Sovist Phyn —Tech. Phys. §, 1197 (1961).].
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Time-resolved free-space microwave measurements are used to study the loss mechnmsms in the afterglow

of an intense He discharge between 100 and 1000"; The method of cvaluation is developed in detail and the
results of the measurements and their accuracy’are given, Some of the problems and limitations of the

2275

=20

. S A

G

of the field pattern between the horns are presentéd

indicating that a reasonable mterpretatlon in terias of an integrated path length is possible.

necessary timing circuits (Fig).\l). Triggering ‘of the
airgap switch discharges the condensers, and a high
current® (of the order of 10° A) is conducted through
the discharge tube and creates a plasma, the properties
of which depend on voltage, pressure, and gas used.
After =100 usec the discharge current ceases, after
~1000 usec the plasma becomes transmitting, and
after several milliseconds,” the original state is reached
again (Fig. 2).

Prior to the discharge the vessel was pumped out
{oil diffusion pump with liquid nitrogen cold trap) and
moderately baked for several hundred hours, “High”
purity He® was then filled into the discharge tube.
During the measurements, the relative intensity of
certain impurity lines was monitored by a mono-
chromator-photomultiplier system, showing weak lines

* (which we identified as nitrogen, oxygen, and iron) in

a strong background continuum. Since the sensitivity
of this system is limited, there may have been other
impurities that we could not identify. The pressure
range of all experiments was between 100 and 1000 4,
the lower limit given by the maximum permissible
voltage on the condensers (20 kV), and the upper limit
given by the “noisiness” of the records, indicating
turbulent motion at the time of measurement. The
pressure itself was measured by a thermocouple gauge,
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F16. 1. Discharge system.

¢ Peak current J,=~
on the. condensers,
7The measurement of pressure trannents is exphln ed in a

=Uo2wvC, vm33 ke, C=72 uF, Uym voltage

note submitted to The Review of S fic Ins
* Impurity content according to tﬁe munuhcturer (Linde
Company) : <5 ppm Oy, <Sippm H,, <3 ppm H;0, <50 ppm.N;,
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A, Current =f(f)

B, Total light =f()

" C. Phase puttern =f(f)

D. Pressure =/({)

30 £00.x 9EC

=

F1G. 2. Representative time sequence.

which had been calibrated for He by means of a McLeod
gauge,
‘The Microwave Interferometer

The general setup of the microwave interferometer
is well known (see Fig. 3 for the arrangement used in

F1c. 3. Microwave setup for simultaneous measurement of
transmitted phase and ampiitude, 1, Klystron A=4 mm, 2, power
supply, 3. modulator 1 ke or 4.5 Mc, 4. crystal detector, 5. wave
meter, 6, termination, 7. hybrid, 8. isolator, 9. attenuator, 10,
tuning stub, 11, horn, 12. directional coupler, 13. E/H tuner,
14, preamplifier, 15. oscilloscope, 16, VSWR receiver,

our experiment). The source energy (reflex klystron,
70 kMc, 50 mW) was divided into two paths: a measur-
ing path, where a microwave beam interacts with the
plasma, and a reference path. The relative change of

phase produced by introduction of a time-varying

plasma was then detected by a phase bridge, amplified,
and recorded on two oscilloscopes with cameras
attached, one giving an over-all pattern of the full
phase cycle (heating and decay), and the other extract-
ing by proper scope adjustment an enlarged “detail
pattern” from the over-all pattern that permits a higher

“accuracy in the evaluation process. In addition to the

phase measurement, we recorded the transmitted energy
(intensity pattern), and checked periodically the
reflected energy, the latter being generally very small,

The klystron was modulated with 4.5 Mc, and the’

amplifiers were resonance amplifiers tuned to 4.5 Mc
with a bandwidth of approximately 400 kc. Use of a

Over-all pattern

Detail pattern

Amplitude pattern

F16. 4. Measurement of the propagation characteristics of a. He
plasma (voltage 5.3 kV, pressure 225 u).

modulated interferometer circuit has some advantages:
Even at a very low power output of the klystron, which
is preferable in order to avoid any influence -of the
microwaves on the plasma, the signal can be sufficiently
amplified without distortion by thermal noise. The
adjustment of a particular zero phase was essentially
very simple, and any changes of the zero phase in the
course of a long series of measurements could easily be
corrected. The change of phase due to the plasma
appeared in this way as a modulation of the 4.5-Mc
signal, and since the oscilloscope sweep was not syn-
chronized with this latter frequency but chosen
appropriate to the discharge mechanism, the phase
change (and similarly the change of intensity of the
transmitted wave) was given by the envelope of the
record. An analysis of the errors introduced by use of a
modulated phase bridge showed that these were
negligible compared to those encountered in reading the
records and to others that are discussed later. °
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INTERPRETATION: OF THE INTERFERENCE
PHASE PATTERN

Proceeding in the manner described, we obtained
three simultaneous measurcments on the propagation
characteristics of the plasma. Figure 4 shows an over-all

" pattern (actual interference pattern), a detail pattern
of the interference measurement, and an intensity
pattern of the transmitted wave, all as a function of
time and representing a typical gas-discharge cycle.
‘Each record also has time scales, and on some records,
superimposed identification pips that give a fix-point
in time on all three records. Since each record has its
own time scale, we were able 1o correct for distortions
caused by nonlinearities of the oscilloscopes.

Determination of the Integral Index of Refraction

We start with four assumptions. The plasma is a
lossless medium, the wave transmitted and received by
the horns is a plane wave, the diameter of the microwave
beam is small in comparison to the plasma diameter
and the index of refraction # changes slowly compared
with the wavelength and reflection is therefore neg-
ligible. Our measurement then leads to an integral
index of refraction as described below,

In Fig. 5 we show a schematic representalion of the
over-all pattern and the intensity pattern. Let # be
the time of the /th extremum and (it is irrelevant which
extremum is chosen to be the first one; / is only a

running index) let & be the time of the last recorded °

extremum. Only at {= o is # strictly 1 throughout the
discharge tube. As can be seen from Fig. 4, however,
phase and intensity of the measuring wave reach their
final values soon after the last extremum. We have then
the following set of equations expressing the phase
angles in terms of the microwave vacuum wavelength Ag:

R R ) I
© n(le,r)dr— f n(ly,rydr=——
/ ( * 2 2

—R —R "
+R +R Ao
/ n(le,r)dr— f w1 r)dr=— (1)
—R —R 2
+R +R o
/ w(lpp;r)dr— f n(lyr)dr=—,
—R J_R 2

where R=radius of the discharge tube, r=radial coor-
dinate, /=time, and ¢.=zero-density -phase angle
between reference and measuring wave at {= o,

Since

+R
/ n(lo;r)dr=2R, 2

R )\0 0 .«
| ﬁ ) n(t;,r)dr=2R—?|Z%+ (k—l)]. @)
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Fig. 5. Schematic representation of the phase:
and amplitude pattern.

Thus, Eq. (3) gives the integral refractive index as a
function of time.

We derive the zero phase angle as follows (see Fig. 6).
Let A=amplitude of reference wave, B=amplitude of
measuring wave, and K’'=constant of preportionality.
Then these relations hold, if the detector follows a
square-law relation?:

F=K'4?
G=K'(4+By @
H=K'(A*+B*+24B cose.,,),
(éee Fig. 5), and
G/F—H/F
€08, = 1- (5)

LG/F—1]

For high accuracy of the measurement of the zero-
density phase angle, we see that it should be ~90°;
this is approximately true if we choose H~F and the
latter can be adjusted very simply even without a
calibrated phase shifter.

If we consider the plasma as a phase shifting and
lossy ‘medium (removing our first assumption), we

T16. 6. Determination of the zero
angle (lossless case).

? The detector used in these experiments very closely follows
a-square-law relation.
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J"k
) . F1g6. 7. Vector diagram for loss case.

Iy

replace Eq. (1) by:

+R +R M/ ¢ Sir
f n(lor)dr— f ” (Ik,r)dr=-—(—————)
—R —R 2\ »r k3
AR +R
[ n(le,r)dr— f n(l,r)dr
J_Rr —R
Ao dor b
=—(1+—— )
2 x x
+R +R
/ n(lir,r)dr— / n(ty,r)dr

—R R
=ﬁ’(1+8¢'“—&). ©)

2 x x

If we add and use Eq. (2), then

+R A o é
f n(lyr)dr=2R—— i—f—(k-'l)—f‘l], Q)]
-R 2L »

L3

where 3¢y is the (generally small) angle caused by the
increase of B with time (Fig. 7). Its magnitude depends
on the rate of change of B and cannot be given without
further analysis. If F, G, H, A, B, Bx, and ¢,, have the
same meaning as explained before, we have

F=K"A?

G=K"(A*+B2+2A B cosdgr) (8)

H=K"(A*+B+2A4B, cos¢n).

With g= B../B, there follows
H/F—1
2¢{[G/F— (1—cos®¢i) J}—cosb o1}
—g/2[G/F— (1—cos® i) ]! —cosber}.  (9)

As can be seen from Eq. (9), 8¢ only appears as a
second-order influence upon cose,, (provided that G is
sufficiently greater than F) and moreover tends to
cancel out. Since therate of change of B in the neighbor-
hood of 4 is small, d¢; will be quite small and we can

COSQ=

substitute Eq. (10) for Eq. (9).

1
- G/F—— —:+—-
COSPe=g g F g : 10

2L(G/F)—1]

which replaces Eq. (5).

Interpretation of the Phase Pattern Under the
Assumption that Ambipolar Diffusion is
the Dominant Loss Process

In the following analysis the simplified Egs. (3) and
(5) will be applied. The equation describing the electron
density as a function of time and space is

on_/ot=D,Vn_, Q1)

where #_=number of electrons/ cm®and D, =ambipolar
diffusion coefficient. If D, is assumed to be constant
with space and time, then the solution of Eq. (11) for
cylindrical coordmates, considering only solutions
symmetrical in 6 is

n_(l,r,s)='§lC.,' exp(-—:l'-)fn( Jou ;)sm( ) (12)
o O

For the boundary condition
n_(t,R,2)=n_(t,7,0)=n_(1,r,H)=0,

where H = height of discharge tube, z=axial coordinate,
C,/=constants given by the initial distribution,
Jo= Bessel function of order zero, and j,,,=its vth root.
Since we always measure at z=H/2, that is, the middle
of the discharge tube, and with the abbreviation of

r r
]o(jo.-—‘) to ]o'(—>
R ‘R

then Eq. (12) reduces to

n_(ty)= Z Cy/ exp(——)JQ(R>sm'% (14)

v =l Top

For sufficiently large ¢, all the higher modes vanish,
and the electron density is determined solely by the
first mode. With C1'=CY/, r.1=r; we have

(L) =Cy' exp<—r—")-1(,'(%), (15)
o}
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Let Cy/-K=C), then with #=[1— (wo/w)*]}, w=angular
frequency of the clectromagnetic wave, and wo=plasma.
frequency."

n(t)= [1— (‘1'3>’]!= [1=n_(tr)-K]}

w

frew(-Da(} @

and with a=C, exp(—#/71), ai=C, exp(— /7))

/_ :Rn(h,r.)dr= f_ T[l—a,-]o'(—;—é):l.dr. (18)

It is convenient to choose R as the unit of length,
thereby simplifying Eq. (18) to

+1 +1
fn(l;,r)dr= [l—add()]dr.  (19)

-1 -1

The left side of Eq. (19) is known through Egs. (3) and
(5), each ! and 4, respectively, thereby determining one
a;. Because of ay=C, exp(—#i/r,), we get

06 1 0.6
h—=—+In— (20)

aq T1 1

(The constant 0.6 proves to be numerically convenient.)
Plotting 4 vs In0.6/a;, one should get a straight line
whose slope yields 7, and D, and whose intercept yields
In0.6/C, and therefore C,.

Interpretation of the Phase Pattern Under the
Assumption that Ambipolar Diffusion and
‘Eleciron Attachments are the
Dominant Loss Processes

The equation which describes the time dependence of
the electron density is as follows,

n._/dl=D ~Vn_—Bn_
B=attachment frequency.

(21

Again assuming that D4 and 8 are constant swith space
and time, the solution of Eq. (21) is the same as that of
Eq. (11), except that

1 Jo\?  fum\®
Loof(EE]
Tou R H
All that has been said for Eqs. (12) and (13) applies
here too. If it is possible to determine in an experiment
a ryand 72, D4 and 8 may be computed from Eq. (22).

Another possibility is to measure 1/7 as function of
the magnetic field, ‘which only influences the value of

19 The use of this-equation is consistent with the use of Eqs. (3)
and (5), wherein the plasma is considered to be a lossless medium,
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D, but not 8. It should be remembered, however, that
strictly speaking, D4 has te be derived from a three-
particlc model, since attachement means that besides
positive ions and electrons, negative ions are also
present.!!’ The above statement is true onmly if the
concentration of negative ions is negligible.

Interpretation of the Phase Pattern Under the
- Assumption that Volame Recombination
is the Dominant Loss Process

In this case it is’
n_/ol=—ayn.2, (23)

where ay is volume recombination coefficient.
If ay is assumed to be constant, then the solution of
Eq. (23) is
n_=p(r)/[ctave(r) (t—t)], (24)

where c=constant and p(r)/c=spatial distribution of
the electrons at ¢=4,. The spatial distribution of the
electrons at some fixed time has to be known in order
to evaluate Eq. (24). It could be known, for example;
by some independent optical measurement. Since we
do not know p(7), however, we shall make two reason-
able assumptions and check them against the exper-
iment. While this method is not correct it should at
least give an idea whether or not volume recombination
is the dominant loss process. If we assume a homogenous
distribution

p(r)=1 0<Lr<R
( =0 r=R 25)
and with Eq. (17)

+R +R Kp i
/ n(tur)dr= / [1-—————]dr=.zRA., (26)
—k gL ctavp(ti—to)

K =constant.

Again, the left side of Eq. (26) is known from Egs. (3)
and (7), each I and # determining uniquely one A4,.
Furthermore, we have

1/(1—A12)=avt'/K+[(6/p)—avloJ/K. (27)

Plotting £; vs (1—A42)™! one should get a straight line,
whose slope yields K/ay and therefore ay.

If we assume a Bessel function for the spatial distribu-
tion

r oy
p<r>=fo(10.l--§)—fo ), (28)
and.

+R +Rp KJd(r) i

/ n(l,r)dr= f l:l—-————-————] dr. (29)
J_r -R ctavJo (r) (hi—to)
We choose lo=1{, thereby determining ¢ since the left

1 H, J. Oskam, Phillips Research Repts. 13, 335 (1958).
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sidc of Eq. (29) is known for every /. Let
(ﬂg/C) (h—4)=B,

[“(: Yr f.[l Kle la (ﬁ)
I dada IR 1/1.'<.-)+m] -

Each { and ; corresponds uniquely to ane B, Plotting
4 vs By one should get a straight line whose slope is
C/ayatdllmyi%C'.

1f ambipolar diffusion and volume recombinstion sre
the dominating loss processes, the differential oqustion
cannot generally be solved.

then

EVALUATION OF PHASE RECORDS,
ESTIMATE OF ERRORS

'!‘hcpontwaso(thcmmonthcphnpnum

shape, ths reading error was about 425 to 30 smsec.
‘The next step was to compute the zero angle g,
(10)]. Wefounddatg[Eq. (lO)]m':ey

¢u was <=£5° Next, a; had to be determined from
Eq. (19). Based on a computes calculation In0.6/a;

B 8 8 8§ 8 8 38

Sol —

Fi0. 8. T for of 8 In0b6/a;
u:l_z”ypluo:l_‘wmh plot v )/c

(30).

" R. BUSER AND W. BUSER

was plotted agaios:
] [1—aJ'(r)Jdr= [” w(tr)l,

and since

o M e
[: e ltr)ir=2R ;{ﬁm-n}

06 /as ootsld be sisply resd aff the glet for every 2
and & Fimally 4; vas plotiad agxinst 1ol 6/sy, the depe
giving v, The error in determining b6 /a; atises from
the imaoomracy of o, and is generally <4085 dor
=k, 4002 jor 1=%—1 snd i sonller dor

decreasing L Since ibe last pdint ((=k) is the most
umnelishle, the sicpe of 1 plotted agxinet IS5/ a; was
memthe:am-to-hstm Figuwe 8is a
represemtative ex=mple. 1t can be soen that there is 2
Mawrramn 25 21l maxima (J=ik, k=2, ---)
o a@tr&tght&mmm

=25 in the dectrenic circuiit and

allallninimn}w

the points deviate sliy .1,.;7 ’
the possible causes of this will be discussod lster.
The erer in comonsting 7) does nat exceed 39,

RESTLTE AND IXSCUNEION

In Fig. 9, wcgwea@'plmlmqmmdﬁe
records im terms of valume roconbinafion, assuming 2
homogessous or 2 Ressel function type distribution of
the plasms acress the discharge tube [¥Eqgs. (36) and
(31)] In Fig. 8 we show the same meoenl ntespyeted
in terms of anlindler diffnsion amd attachmenmt
[Eqs. (18) and (22)]. Many data of the type given in
Fig. 8 have been evzimated. In Tallle T for examyile,
we choacked the guestion of = (maximum
difierences of 1/7; zre in the order of 39). #n Tahle X

TVOLUME REDSMDNANTINGG

* LATHGND BENSEL FUMETION RROFUE
£ ELECTABN CNOBITRATION.

HE D W e
(1—A42)

FsG. 9. Typical raprescriation for plot of £ ws (14 8%,

» B <
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we-show 1 ‘few measurements. in which we studied ‘the
pressure: depenidence,
TFhe results. of -the-measurements-so far indicate-the
Hollowing :

(d) Wolume rrecombinafion ‘cannot ibe .a rmajor doss
rmechanism - (Fig. 9, where -we -should rfind m~sttught
{linee). Trhisi isi in agreement- mth« otherrmeasurements in
IHe dischargesi inrthellatesafterglow**

(b) TPhermeasurements. can'beffairly-well interpreted
Fhy ¢ither anibipolar. diffusion.or:attachment, ori:both

(Fig.-8), thellatter!beéingrmeost;probibie.
tOne.way rto.assessrthel importancecsfhboth. .electsids
rtostutly-théir dependence onir-magneticfield. According
rtorthe classicalrtheory®:

Da=Da(H=), BB(H). 1(32)

[H=magnelic field, andl:accordingly (in'the; presenco:of
cancaxidlrfield)

1 /, ’_I 0,1 2
oG
b2 \iR

(33)

(e

(Di=ambipelar .diffusion with rmagneiic -field.)
i®bviously, .any . dependence . 6f 1 /7, on rthe magnefic
field/H will.indicate.ambipolar. diffusion.-Some; prélim-
linary .measurements .with .axial -magnetic dfields -show
(indeed .2 -magked linfluence.anid .iead: to ID #=~55000:and
B=11000 (indicating.a high degree. ofi impurities). [The
-assumption . here iis, :that rthe initial.-conditions: of  the
.gas discharge.are-essentially.unchanged.
IIf -we thenrtdkeifor D 4. vialue: 6f rthe: order. .6f ;5000
1eni?/sec wie thave, 1if -electron rtemperature I7_.andiion
rtemperature 7T, .areequal!

/ 4 3\
zm#m(zn)(ufﬂ)-—nmcn), @)
Ay
D (W fRT) e~ o 35)

‘(assuming the ion-mébility u . temperature independent)
santrtherefore

- IDA@ DDA T)=T\ /T2, - (36)
I A, Hiunduud*S‘CIBtuwn,IP 8.1 Rev, 15,“75(!) (1949).
A, W FEagel and \M risohe  iasensicadumgen

| {SpiingerVei M,IM) Wel, i1,

If we ise /D ip=600(cit/sec -mm “Hg) .at 300°K
ifrom: the literature, "we obtain = 7502K.: Many-more
“measurements are-necessary-to determine the accuracy
-of these calculations.

{c) According to"Eq. (20) .a plot of ¢, vs In0.6/a;
-should i/be .a-straight line for late times. “The-results
sgiven.in FFig.-8-show .a-slight curvature, however. in
..qutrinterpretation [ (b).above); this could be.attfibuted
~to rthe.-change of ;D4 .and ;8 ‘with - temperature .and
. therefore with time."Equation (21)-should-read

i0n_Jot=D (T Vn=—B(t)n_. 37

{Itiis easy to-show-that. the change -of the-slope in
« connection withrthis -#ffect:goes:in the-right direction.
[In -this -way, the changing-slope could -indicate ithe
change -of ;D4 .and ;8 -with temperature. “The -same
-effect could:also be:due to-higheridiffusionrmodes, :which
~might -even:influence the-results.at-rather.late times.™
‘Furthermore, in {Eq. (37) -we -neglectéd .any ~radial
dependence 0f ZD 4 .and ;8 which -might -give_a siniilar
céffect.lIn: this case"Eq. (21)-reads:

10/ 0t==V2D (1) 1 =—B(r,)n_. (38)

TTHECPLANESWAVE :ASSUMPTION

The 'basic :assumption on -which. essentially -every
‘free-space interferometer technique is based is that the
shorns transmit.and-receive.awell-collimatédiplane-wave.
TEhen, ‘the -measurements. idefine - simply .an, integratéd
-index of-refraction that canbe interpretéd.as:discussed
rpreviously.

TThis planeswave condition is .only.an.approximation
1the quality of whichdepends on: the-rddiation pattern
«of the transmitter and-receiver, on the location of the
-plasmai betweenrthe horns. (near-field-far-field),.and on
rthe:dens.action of-glass container.and-plasma. (ratio .of
rplasma - diameter -to beam .width). “To -estimate ithe
~errors:involved.in. this.approximation .and- to:give.an
improved.analysis, we would:first -have to descfibe the
nfield -pattemn. iof the-transmitting .antenna in the-near
rfield ~region..and in-the ‘transition: regumw between-near
dfield.and: farifield, because the plasma is . usually-placed

44Another explanation. of ithe curyvature stems from: ithe fact.
that the.amplitude. .of ithe -measuring .wave :is:not constant but
~ghanges with time,.andrEq. (7)- should be:correctly. used instead
<wiFEq. (3)./'Ehetdeviation:caznéd by this: éffect should: be.consider-
wably- smﬁ'!cr however, anid.would \be.amost:gero for Jate times,
~ince. thumnhtudc changes:veryilitieithen, butithenepresentative
VEig.%8.-shows. tiat-the last, ipoint [(bes k) -is-regisarly. somewhat
iabove:the; straight line, iinidicating that: the:curvature: exists-even

¥



Fic. 10. (1) Pattern of .the transmission channel with glass;
(b) pattern of the-transmission channel without glass.

in this region. Secondly, this radiation pattern has to
be analyzed in terms of the receiving antenna, because
it sees .only what “fits” in its radiation pattern. A
possible interaction between transmitting and receiving
‘horn has also 10 be taken into account. A-mathematical
‘treatment of this problem, even without lens action
included, has not yet be=n given, as far as the authors
know, and without doubt the-mathematicalimplications
are formidable. To explore the situation we have ‘there-
fore tried to attack this problem by .an experimental
‘method.’* ' We simulate the plasma by a small rotating
dielectric probe and scan the field pattern between the
horns, in this way studying the influence of a particular
volume element (defined by the geometry and the
location of the probe) on the received signal. In Figs.
10(a) and 10(b) we show a number of cross sections
of the transmission channel, which have been used in
the actual measurements. and get the following results:
“The pattern of the-transmission channel does not change
‘much between transmitter and receiver, only smal' side
lobes are present;, the width of thetransmission pattern
is.approximately constant and about equal to the width
¢f the horns; the glass of the discharge tube does. not
‘induence the pattern very much if the system has been
carefully aligned. These results seem to-indicate that the
beam is indeed well collimated, and the errors arising
from. the plane wave assumption cannot be great.

In the actual measurement the rotating probe is

1 P, Wolfert, “Measurement and Discussion of the Differential
Microwave Beam: between Two Horn .Antennas as Used in

‘Microwave Plasma. Diagnostics,” USASRDL Technical Report
(in preparation).
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replaced by the plasma, Only if AeXbeam width D of
the incident wave<<plasma diameter 2R, will the plasma
be an effective slab and can the lens action of the plasma
be neglected. Because of experimental limitations. the
ratio 2R/D cannot be made arbitrarily large (approx-
imately 5 in our case), and the plasma acts more or less
as o time-varying lens almost in any situation. Measure-
ments in which we moved the receiving horn around
the plasma do net indicate a pronounced effect. The
lens effect has been calculated in the optical approxima-
tion too, and the application of the results to our case
again indicates only small errors, especially for late
times, !¢

We feel that both these results show that the given
interpretation of the measurements is based on reason-
able assumptions. However, much must be done to
express our argument quantitatively.

We would like to mention two experimentai alterna-
tives: An interferometer setup similar 1o a Fabry-Perot
arrangement!’ will lead to a highly plane wave. The
introduction of cylindrical lenses and placement of the
plasma. in their focal line'® wi' possibly avoid any lens
action of the plasma. The first method seems to be
limited by the iosses within the plasma, the second by
the quality of the lenses. A combination of both might
remove the entire problem,

CORCLUSION

The measurement of the integrated-index.of refraction
and its change with time can be successfully used to
study very accurately the loss processes in a decaying
plasma. In our experiment, the electron losses are
‘mainly due to ambipolar diffusion and attachment.
Additional measurements in the presence of a magnetic
field seem to allow a separation of both loss processes.
Mass spectrometric measurements are planned which
should lead to a unique interpretation of ‘the resuits.
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